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Multifunctional Bioinstructive 3D Architectures to 
Modulate Cellular Behavior
Jayasheelan Vaithilingam, Paola Sanjuan-Alberte, Simona Campora, Graham A. Rance, 
Long Jiang, Jordan Thorpe, Laurence Burroughs, Christopher J. Tuck, Chris Denning,  
Ricky D. Wildman, Richard J. M. Hague, Morgan R. Alexander, and Frankie J. Rawson*
Biological structures control cell behavior via physical, chemical, electrical, 
and mechanical cues. Approaches that allow us to build devices that mimic 
these cues in a combinatorial way are lacking due to there being no suitable 
instructive materials and limited manufacturing procedures. This challenge 
is addressed by developing a new conductive composite material, allowing 
for the fabrication of 3D biomimetic structures in a single manufacturing 
method based on two-photon polymerization. The approach induces a com-
binatorial biostimulative input that can be tailored to a specific application. 
Development of the 3D architecture is performed with a chemically actuating 
photocurable acrylate previously identified for cardiomyocyte attachment. 
The material is made conductive by impregnation with multiwalled carbon 
nanotubes. The bioinstructive effect of 3D nano- and microtopography is 
combined with electrical stimulation, incorporating biochemical, and electro-
mechanical cues to stimulate cells in serum-free media. The manufactured 
architecture is combined with cardiomyocytes derived from human pluripo-
tent stem cells. It is demonstrated that by mimicking biological occurring 
cues, cardiomyocyte behavior can be modulated. This represents a step 
change in the ability to manufacture 3D multifunctional biomimetic modula-
tory architectures. This platform technology has implications in areas span-
ning regenerative medicine, tissue engineering to biosensing, and may lead 
to more accurate models for predicting toxicity.
DOI: 10.1002/adfm.201902016
1. Introduction
Nature constructs microscopic hierar-
chical cellular machines and architectures 
or niches that have defined bimolecular, 
chemical, mechanical, and electrical prop-
erties, which provide cues to enable modu-
lation of differentiation and maturation of 
cells. For example, cardiac tissue instructs 
cardiomyocytes to have aligned myofibrils 
and elongated sarcomeres.[1] In order to 
develop systems that simulate biology, we 
need devices that mimic these niches by 
providing the equivalent signaling mecha-
nism to control cellular behavior. Signaling 
methods typically used in vitro to modu-
late cell behavior include gene manipula-
tion,[2] biomaterial chemi stry,[3] surface 
topography,[4] biochemical signaling,[5] 
and electromechanical stimulation,[6] 
which affect growth-promoting factors.[7] 
While most of the reported methods have 
focused on one or two of these, achieving 
some success,[7b,8] a combination of all 
these stimuli is desirable to mimic physio-
logical conditions more accurately.
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Cardiomyocyte-promoting acrylic polymers screened 
by high-throughput methods have been identified in pre-
vious studies,[3] demonstrating that the chemical composi-
tion of the materials can enhance human pluripotent stem 
cell-derived cardiomyocyte (hPSC-CMs) development. This 
method was used to select pentaerythritol triacrylate (PETrA) 
(Figure 1a) from the screening of polymer microarrays. 
Electrical properties of materials have also been shown to 
have a modulatory effect.[9] PETrA’s electrical properties were 
tuned using a dispersion of conductive multiwalled carbon 
nanotubes (MWCNTs) (Figure 1b) into PETrA in order to 
make this material electroactive, and it is the first example 
of this material being modified to improve its electrical 
properties.
Biomimetic 3D structures may aid in offering the correct cel-
lular instructions to enable us to modulate cellular behavior that 
better resembles human tissues.[10] Digital 3D-printing techniques 
enable the engineering of materials with tunable mechani cal, 
Adv. Funct. Mater. 2019, 29, 1902016
Figure 1. Process followed for rational ink development, 3D printing, and stimulation of human-induced stem cell derived cardiomyocytes (hPSC-CMs). 
1) Inks were developed using a) pentaerythritol triacrylate (PETrA). Conductive inks were developed by modification of PETrA with b) multiwalled 
carbon nanotubes (MWCNTs). 2) Rational 3D design was inspired on c) in vivo structure of stacked myofibrils. d) Computer-aided design (CAD) model 
of 3D myofibril-like structures with nano/microtopographies. e) SEM image of 3D printed myofibril-like structures using PETrA ink. 3) Cell studies 
were carried out by combination of physical and mechanical cues provided by f) electrical stimulation, material chemistry, and material topography 
on hPSC-CMs.
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chemical, and electrical properties.[11] Although extrusion 
3D-printers have often been used for bioprinting,[12] this tech-
nique is limited to the production of features of >50 micrometers 
in diameter, significantly bigger than the submicron scales 
required for mimicking biological structures as exemplified in 
heart tissue (Figure 1c,d). Two-photon polymerization (2PP) is 
a laser-induced photopolymerization technique and has been 
shown to direct construction of biomimetic constructs at sub-
micron scales (≈70 nm resolution) without requiring support 
structures.[13] PETrA has been studied in the manufacturing of 
micro- and nanostructures using the 2PP process for various 
applications.[13,14] 2PP has been used to produce acrylic polymer 
and hydrogel constructs and utilized with neuronal and retinal 
cells.[15] However, no 2PP produced structures incorporating 
PETrA have been used for bio-instructive applications. We used 
the 2PP method to fabricate biomimetic structures spanning 
the macro-nanoscales (Figure 1e) to modulate cardiomyocytes 
behavior derived from hPSC-CMs. Details and description of 
the hPSC-CMs used can be found elsewhere.[16]
Herein, we report PETrA as a promising material in 
the manufacturing of 3D biomimetic constructs that 
allows for a combination of electromechanical stimula-
tion. These different types of cues can be simultaneously 
applied, demonstrating the multifunctionality of the printed 
structures (Figure 1f). Differentiation of hPSCs to car-
diomyocytes was performed using a previous procedure[16] 
(Figure S1, Supporting Information) and the purity of the 
obtained cardiomyocyte population was > 90% by expression 
of the cardiac marker troponin TNNI3 (Figure S2, Supporting 
Information). PETrA and composite mixtures of PETrA with 
MWCNTs (PETrA+MWCNTs) inks were formulated for sub-
sequent 3D printing by 2PP. In order to optimize the ink 
formulations and characterize the printed structures, four 
parameters were assessed: i) degree of conversion (DC), 
ii) impact on cell viability, iii) electrical conductivity, and 
iv) stiffness of the printed structures. Cardiomyocyte behav-
iour was then assessed in these biomimetic scaffolds by anal-
ysis of cell morphology and sarcomere length.
2. Results and Discussion
2.1. Ink Formulation
Irgacure 369 was used as a photoinitiator (PI) to enable free-
radical polymerization of the acrylic monomer.[17] An increase 
in PI concentration is known to increase the DC of monomer 
to polymer and reducing the fabrication time.[18] Conversely, 
the increase in PI was previously noted to affect the cell viability 
due to cytotoxicity as gauged by cell proliferation assays.[19] 
To assess this in detail, structures were 2PP-printed using a 
range of PI concentrations including 0.5%, 1%, 2%, and 3% 
by weight. The DC was assessed using Raman spectroscopy 
and the viability of hPSC-CMs was assessed using a live/dead 
fluorescence assay (Figure S3, Supporting Information). More 
information on the calculation of DC can be found in the Sup-
porting information. Since both the cell viability and the DC are 
of utmost importance to the present study, 1% was chosen as 
an optimal PI concentration to make structures for hPSC-CMs 
(Figure 2a,b). Additionally, in comparison with control 
surfaces, the PETrA surfaces were noted to promote cell 
adhesion featuring more cells on the surface (Figure S3, Sup-
porting Information).
Composite mixtures of PETrA+MWCNTs were prepared 
with 0.2 wt% and 0.1 wt%, since the 2PP process requires 
transparent material so that the laser can pass through it 
(Figure 2c). Interestingly, the addition of MWCNTs decreased 
the DC with results showing more than a 50% reduction in 
the DC with a two-fold increase in MWCNT concentration. 
However, such DC using 2PP to fabricate microstructures 
containing carbon nanotubes has not been achieved until the 
data reported herein.[9c,20] Multispectral Raman imaging of the 
2PP printed structures revealed a good dispersion of MWCNTs 
into the printed structure (Figure 2d). Cell viability was 54% 
and 87% on 0.2 wt% and 0.1 wt% MWCNTs composite struc-
tures, respectively (Figure 2a). These results indicate that since 
the DC was low (≈10.5%) for 0.2 wt% compared to 0.1 wt% 
MWCNTs concentration, the presence of residual monomer 
and the unreacted PI might have produced cytotoxic effects to 
the hPSC-CMs, affecting the cell viability. Based on the mate-
rial characterization and cell viability assay, 0.1 wt% MWCNTs 
was used as the optimal concentration in the subsequent 
experiments.
Electrochemical characterization of the composite struc-
tures (0.1 wt% MWCNTs) was performed using electrochem-
ical impedance spectroscopy. This revealed an improvement 
in the electrical conductivity of 2PP fabricated composite 
structures (Figure 2e) with a reduction in the impedance 
observed from 1 to 0.6 GΩ and tallies with previous reports of 
MWCNT based composite materials.[9b,21] The modulus of bio-
materials is known to affect the formation of contractile appa-
ratus in hPSC-CMs and in turn, the maturity of the cells.[22] 
A 68% increase in the modulus (obtained using atomic force 
microscopy) from 759 ± 22 MPa for PETrA to 989 ± 62 MPa 
for the composite material with 0.1 wt% MWCNTs was noted, 
indicating the addition of MWCNTs increased the modulus 
(Figure 2f).
2.2. Effect of Material and Topography on hPSC-CMs
After optimizing the printing and characterizing the structures, 
the ability to understand the impact of chemical, electrome-
chanical and topographical cues on hPSC-CMs morphology 
was studied. This was done by assessing these cues individually 
and after a combinatorial approach.
Impact of nanotopographies on cell morphology was 
studied by measuring the cell aspect ratio and cell align-
ment. Mature cardiomyocytes have an aspect ratio of ≈7:1 
and a high degree of alignment. This was performed on 
glass (control); flat (Figure 3a) and grooved (Figure 3b,c) 
pristine PETrA; and flat PETrA+MWCNTs composite struc-
tures. Grooved PETrA surfaces were noted to improve the 
alignment with angles <10° (****p) and yield a significantly 
higher aspect ratio (4:1) (****p) compared to cells on the 
flat surfaces (2:1) (Figure 3d–j). On control and flat PETrA 
surfaces, the hPSC-CMs featured polygonal shape with 
low aspect ratio as witnessed previously.[8a] Interestingly, 
Adv. Funct. Mater. 2019, 29, 1902016
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hPSC-CMs cultured on the flat PETrA+MWCNTs composite 
structures featured elongated cells with an aspect ratio of 
3.75:1 (***p), significantly higher than the flat PETrA sur-
face. As MWCNTs were randomly dispersed in the ink 
solution, this suggests that the composite increased the cell 
elongation due to the guidance provided by the random 
orientation of the fibrous structure of MWCNTs.[9a] At this 
stage, it was not possible to print nanotopographies using 
the PETrA+MWCNTs composite due to lack of resolution 
with this ink. From this, it can be seen that nanotopographies 
significantly affect the organization of the cells, as expected 
in native tissues.
Structural differences of the sarcomeres were also studied, 
as the length of sarcomeres vary with phenotypical changes. 
For instance, physiological values of sarcomere lengths of 
adult cardiomyocytes are around 2.2 µm, and immature 
sarcomeres have values of 1.6 µm.[23] These structural dif-
ferences were determined by measuring the sarcomere 
Adv. Funct. Mater. 2019, 29, 1902016
Figure 2. a) Viability of hPSC-CMs on different surfaces; b) Raman spectra obtained from the pristine PETrA ink, a printed structure using the pris-
tine PETrA and PETrA+MWCNTs, and pristine MWCNTs; c) optical image of PETrA modified with MWCNTs (PETrA+MWCNTs) before (top) and after 
(bottom) centrifuging to remove agglomerated MWCNTs; d) a 3D printed composite structure with below images showing the Raman maps describing 
the distribution of MWCNTs and polymer in the print; e) electrical impedance of pristine PETrA and the composite; f) Young’s modulus of the 
3D printed structure using PETrA and the composite.
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length[3,24] as shown in Figure S4 (Supporting Information). 
The sarcomere images and lengths measured for different 
samples have been shown in Figure 3k–o. hPSC-CMs 
cultured on flat surfaces depicted disorganized myofibrils 
due to the polygonal morphology of the cells, whereas on the 
grooved PETrA structures and on the composite structure, 
Adv. Funct. Mater. 2019, 29, 1902016
Figure 3. a) 3D printed PETrA surface (white dot shows a defect on the structure to highlight the flat topography); b) CAD design and c) printed surface 
with grooves; d) hPSC-CM directional alignment to the flat and grooved areas of a 3D printed PETrA surface (nuclei were staining with Hoechst staining 
(blue) and actin fibers with phalloidin (red)); hPSC-CMs attached on e) glass, f) flat, and g) grooved pristine PETrA surfaces and h) PETrA+MWCNTs 
composite surface; i) aspect ratio and j) alignment of hPSC-CMs on different surface topographies; fluorescence microscopy images of sarcomeres on 
k) control, l) flat PETrA, m) grooved PETrA, and n) flat PETrA+MWCNTs structures and o) their corresponding lengths. Sarcomeres were immunolabeled 
for alpha-actinin (green). Direction of grooves is indicated by yellow arrows.
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an organized myofibril with the parallel arrangement was 
observed. In terms of their sarcomere lengths, cells on the 
flat PETrA and grooved PETrA surfaces showed significantly 
longer sarcomeres (1.81 and 1.78 µm, respectively (**p, 
*p)) compared to the control (glass) surface (1.64 µm). The 
hPSC-CMs on the PETrA+MWCNTs structure also showed 
significantly longer sarcomeres (1.86 µm, ****p). This 
demonstrates our ability to control cellular morphology 
and intracellular components using different materials and 
nanotopographies. Our next aim was the study the effect of 
electrical stimulation, inherent in biology.[8b,25]
2.3. Electrical Stimulation hPSC-CMs
The electro-mechanical stimulus was provided wirelessly 
(without a physical wired connection of the electrodes to the 
2PP structure) to hPSC-CMs using a modified 6 well cell culture 
plate enabling electrical stimulation as shown in Figure 4a.[26] 
The required electrical potential to stimulate the hPSC-CMs 
was previously optimized to obtain the excitation threshold 
(Figure S5, Supporting Information). Viability of the cells after 
electrical stimulation was studied by live/dead fluorescence 
assays to understand the impact of the applied electric poten-
tial (Figure 4b–f). The applied electric potential was kept to a 
minimum (2 V and 3 Hz) to prevent cell death. On applying 
this electric potential for 24 h, the level of organization of the 
myofibrils of electrically stimulated cells was higher (Figure 4g–i). 
On control (glass) surfaces, sarcomere lengths significantly 
increased to 2.05 µm (***p) (Figure 4j). Similarly, after 
electro-mechanical stimulation, the grooved PETrA displayed 
a sarcomere length of 2.28 µm (****p) similar to that meas-
ured for adult cardiomyocytes. The PETrA+MWCNTs structure 
did not exhibit a signification variation in the sarcomere length 
before or after electrical stimulation (1.87 µm). From this obser-
vation, we hypothesize that electrical stimulation could be one 
of the key drivers to control intracellular ultrastructure; how-
ever, topographical cues are still needed to control the cellular 
shape.
2.4. Combinatorial Approach of Multistimulation
Complex 3D structures with an enhanced topography can be 
used to mimic a particular tissue and fit the desired application. 
In this case, to demonstrate the capabilities of this technology, 
3D structures were developed to resemble native myofibrils 
(Figure 1e). Structural design was optimized after preliminary 
studies (Figure S6, Supporting Information). Biomimetic myofi-
bril-like structures were printed using 2PP in PETrA with and 
without MWCNTs (Figure 5a,b). The 3D topography, and bioin-
structive material, allowing for biochemical and electromechan-
ical cues were integrated into this design. On applying electrical 
stimulation to the 3D myofibril-like structure, the sarcomere 
Figure 4. a) Bioreactor used to perform electrical stimulation; b) fluorescence microscopic images showing the viability of hPSC-CMs 7 d after electrical 
stimulation b) 0 V, c) 4 V, d) 6 V, e) 10 V, and (f) shows their corresponding percentage viability; fluorescence microscopic images of electrically stimu-
lated hPSC-CMs immunostained for cardiac alpha-actinin on g) control, h) flat pristine grooved PETrA, i) PETrA+MWCNTs, and j) their corresponding 
sarcomere lengths after 24 h of electrical stimulation at 2 V and 3 Hz. Yellow arrow indicates the direction of grooves.
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length was observed to increase from 1.65 µm to 2.21 µm 
(***p) for the PETrA only structure (Figure 5c–g). This value of 
sarcomere length was higher than reported in previous studies 
using bioinstructive polymer cues alone.[3] Interestingly, the sar-
comere length of the PETrA+MWCNTs myofibril-like structure 
without electrical stimulation was 1.94 µm. On comparing the 
PETrA+MWCNTs myofibril-like structure before and after electro-
mechanical stimulation for 24 h, the sarcomere length increased 
further to 2.12 µm (**p). Although it was evident that the incor-
poration of MWCNTs to PETrA contributed to enhancing the 
hPSC-CMs morphology and structure, after electro-mechanical 
stimulation, there was no significant difference between the pris-
tine and the composite myofibril structures.
3. Conclusion
In summary, we have shown that the by integrating topo-
graphical, biochemical, and electrical cues we could modulate 
hPSC-CMs phenotype by controlling cell morphology and intra-
cellular ultrastructures. The PETrA and the composite materials 
developed were noted to promote hPSC-CMs sarcomere organi-
zation in serum free conditions. The biomimetic myofibril-like 
3D architecture and the presence of 
MWCNTs further improved this effect. Inter-
estingly, the application of electromechanical 
stimulus, superseded the sarcomere lengths 
achieved by topographical cues and the 
incorporation of conductive material. Yet, 
the crucial role of the topographical cues in 
aligning the hPSC-CMs cannot be neglected 
and thus a combined approach is required 
to attain directional alignment and pheno-
typical control of hPSC-CMs. This combined 
approach of producing complex architectures 
using cell-maturing materials and wireless 
delivery of electric field offers the opportu-
nity of engineering biomimetic complex tis-
sues using stem cells for drug assays, tissue 
engineering and regenerative medicine 
applications.
4. Experimental Section
Experimental details can be found in the Supporting 
Information.
Supporting Information
Supporting Information is available from the Wiley 
Online Library or from the author.
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